Microwave plasma was employed for the nitriding of SCM445 steel and characteristics of the steel obtained by this process were compared with those of steel treated by conventional ion nitriding. The latter showed a large amount of globular shaped nitride compounds around 1-2 mm size precipitated on the steel surface and surface coarsening after ion nitriding. However, microwave plasma nitriding successfully produced a nitrided steel without a compound layer and a diffusion layer thickness of more than 0.5 mm was achieved at gas composition of 30%N 2 -70%H 2 (500 C, 2 h). Also, a smooth surface was also achieved. Microwave plasma nitriding was capable of producing just the diffusion layer with a good surface condition for subsequent deposition of a protective coating.
Introduction
Nitriding for surface modifications of steels has been used industrially for the last 70 years and is widely accepted as a technology to improve the surface properties of metal components. 1, 2) Plasma nitriding without formation of a nitride compound layer was developed for practical use as a new hardening process since plasmas can enhance the diffusion of nitrogen into the steels and reduce treatment times.
3) An additional attractive feature of plasma nitriding is its greater environmental cleanliness. 3, 4) The main motivation of prior research has been to carry out nitriding and subsequent deposition of protective coatings on the nitrided surfaces in the same processing chamber. However, conventional nitriding processes such as ion nitriding 5, 6) done using a glow discharge current are difficult to implement without the formation of a nitride compound layer at the steel surface. Nitrides tend to cause material failure when forming a mixed compound layer of both "-Fe 2À3 N and 0 -Fe 4 N phases. Nitrides also produce coarser surfaces and causes problems with the adhesion of hard protective coatings, which may be later deposited on nitrided steel. 7) Therefore, it is necessary to develop a nitriding process which forms only a diffusion layer at the surface region and produces a smooth surface for good adhesion of the hard coating layer.
In this study, the microwave plasma nitriding of steel was studied for ways to reduce the nitride compound layer formation and lessen surface roughness at the steel surface layer. Microwave plasma has advantages of giving a large degree of ionization, 8) and high plasma reactivity due to the effective production of active species at high electron temperatures and densities. 9) Therefore, the microwave plasma nitriding process was carried out to find optimum conditions for effective nitriding of alloyed steel. Surfaces of steel samples nitrided with microwave plasma and conventional ion nitriding were compared.
Experimental Procedure
A schematic diagram of the microwave plasma nitriding experimental setup is shown in Fig. 1 . The microwave generator, working at the frequency of 2.45 GHz, could be operated at a power of up to 1.2 kw. The incident microwave power was changed from 100 to 140 W, and the reflection power was adjusted below 10 W in order to produce the highest value of plasma density. No external bias voltage was On the other hand, the conventional ion nitriding using glow discharge was conducted in an ion nitriding chamber that was connected to an anode. The steel samples were placed on the cathode which was located beneath the anode. A discharge voltage of 400 V and current of 50-130 mA were applied in ion nitriding. The temperature was regulated directly by the electrical power applied to the discharge.
For the ion and microwave plasma nitriding processes, a nitrogen and hydrogen mixed gas of 30%N 2 -70%H 2 (199.5 Pa N 2 -465.5 Pa H 2 ) or 50%N 2 -50%H 2 (332.5 Pa N 2 -332.5 Pa H 2 ) was used. Nitriding was carried out for 2 h at a total pressure of 5 Torr. Nitriding temperatures for both processes were 400-550 C and measured using a thermocouple embedded inside the sample holder. The temperature fluctuation was controlled within AE5 K during processing.
SCM445 steel in JIS (Japan Industrial Standard) was used as the substrate material for both nitriding processes. The chemical composition of the material was 0.44 mass%C, 0.25 mass%Si, 0.73 mass%Mn, 0.92 mass%Cr, 0.13 mass%-Mo, 0.1 mass%Ni, 0.018 mass%P, 0.011 mass%S, and Fe as a balance. The steel was supplied in the plate condition, and it was annealed in 100% Ar gas atmosphere at 680
C for 2 h with infrared furnace. Prior to nitriding, the steel samples were machined into a square shape of 9 mm Â 9 mm with a thickness of 3 mm and they were mirror-polished using #600-1200 silicon carbide paper and alumina powders (0.3 mm dia.). The samples were finally cleaned ultrasonically in acetone. The average surface hardness of as-received steel was 265 Hv.
The steel samples before and after ion and microwave plasma nitriding were studied by scanning electron microscopy (SEM) to identify the surface morphology changes. The crystal structure and lattice parameter of the nitrided layers were investigated by diffractometry using CoK with a accelerating voltage of 30 kV and a tube current of 8 mA. The hardness of the nitrided steels was measured with Vickers microhardness indenters utilizing 100 g loads.
Results and Discussion
A SEM image showing surface morphology of as-received SCM445 steel is shown in Fig. 1 . After ion nitriding, the mirror surface of the samples became slightly grey and cloudy. However, samples treated by microwave plasma nitriding kept their luster. Figure 2 shows surface morphologies and cross-sectional SEM images of SCM445 steel after ion and microwave plasma nitriding processes in 30%N 2 -70%H 2 (199.5 Pa N 2 -465.5 Pa H 2 ) mixed gas at 500 C for 2 h. A discharge voltage of 400 V and current of 100 mA were applied in ion nitriding and the incident microwave power of 125 W was applied in microwave plasma nitriding. The surface layer of ion nitrided steel included a large amount of globular shaped crystallites around 1-2 mm size formed during ion nitriding and these precipitates increased the surface roughness as shown in However, for the steel nitrided in microwave plasma, the entire surface remained clean and smooth as shown in Fig.  2 (b) and no compound layer was formed. This result indicated that microwave plasma nitriding could suppress formation of the nitride compound layer on the nitrided surface. Figure 3 shows X-ray diffraction patterns obtained from the SCM445 steel after ion and microwave plasma nitriding processes in 30%N 2 -70%H 2 (199.5 Pa N 2 -465.5 Pa H 2 ) at 500 C for 2 h. "-Fe 2À3 N and 0 -Fe 4 N compounds were formed for ion nitriding, while they were not formed for microwave plasma nitriding.
The steel surface became uneven and weak nitride compound peaks were observed from the XRD pattern for microwave plasma nitriding when the nitrogen concentration was increased to 50% as shown in Fig. 4 . This suggested that the nitrogen concentration played an important role in microwave plasma nitriding. Hence, the nitrogen concentration of 30% or below was judged to be suitable for microwave plasma nitriding without formation of a nitride compound layer.
The cross-sectional hardness (Vicker's microhardness, 100 g load) of SCM445 steel samples after ion and microwave plasma nitriding processes in 30%N 2 -70%H 2 at 500 C for 2 h is shown in Fig. 5 . The surface of ion nitrided steel had a hardness of approximately 842 Hv after ion nitriding, which was attributed to the formation of nitride compounds.
10) The surface hardness of microwave plasma nitrided steel was much lower than that of ion nitrided steel. However, in the inner range between 0.05-0.6 mm, it was found that the hardness for microwave plasma nitrided steel was higher than that for the ion nitrided steel.
This observation can be explained as follows. When N 2 and H 2 mixing gases are ionized in the discharge current or in the microwave plasma, the ionized hydrogen ions interact with the steel surface leading to the reduction of oxide. 11) This increases the sticking coefficient for nitrogen ions at the steel surface, 12) which can effectively promote the diffusion of nitrogen into the inner region of the steel.
For ion nitriding, the reaction at the steel surface involves the sputtering and redeposition of ejected atoms. In the presence of electric field, the steel (cathode) is maintained at a negative dc voltage discharge with respect to the anode. Under the influence of bias, the nitrogen and hydrogen gases are dissociated, ionized, and accelerated to impinge on the cathode. The kinetic energy of ions is converted into thermal energy by ion bombardment, which not only heats the steel sample but also causes sputtering of Fe atoms from the steel surface. The ejected Fe atoms were then reacted with N ions to form high nitride (FeN), followed by decomposition to lower nitrides ("-Fe 2À3 N and 0 -Fe 4 N) on the steel surface.
3)
The formation of nitride compounds and energetic ion bombardment due to the dc glow discharge cause a coarser surface morphology.
On the other hand, the nitriding process due to microwave plasma may be explained as follows. Microwave plasma has advantages in generating high energy and high density of ions, 8, 9) and the movement of ionized nitrogen and hydrogen ions is very small due to the high frequency used. Only electrons can move due to the potential changes in the microwave plasma 14) and the steel temperature is raised by the electron collisions. Therefore, a self-bias is applied to the steel samples and thus microwave plasma nitriding of steel is promoted by the accelerated nitrogen and hydrogen ions. 13, 14) Due to the weak ionic bombardment in microwave plasma, the sputtering effect at the steel surface is considered to be very weak. Microwave discharges also have advantages for the generation of fast electrons which result in higher electron temperatures. 8, 9) The significantly higher electron temperature under the microwave plasma conditions is expected to provide more energy to be transferred to the steel surface but also to produce a more higher density and more energetic nitrogen atoms. 8) Subsequently, the enhanced energetic nitrogen atoms would absorb at the steel surface and then diffuse faster into the matrix. Therefore, the nitriding depth in the diffusion layer is more significant for microwave plasma nitriding with hardness above 300 Hv as shown in Fig. 5 . This result indicated that the diffusion rate of nitrogen ions in microwave plasma nitriding was much higher than that in ion nitriding. Figure 6 shows the influence of nitriding temperature and nitrogen concentration at the compound layer thickness for microwave plasma and ion nitriding processes. The compound layer thickness was the mean value of 10 points measured randomly. For microwave plasma nitriding, no compound layer was observed on the surface layer in the temperature range between 400 C and 550 C in 30%N 2 -70%H 2 . The incident microwave power was in the range from 100 to 140 W. When nitrogen concentration was increased to 50%N 2 -50%H 2 , the compound layer thickness slightly increased for microwave plasma nitriding. However, the nitride compound layer formed with ion nitriding (discharge current, 400 V; current, 50-130 mA) was much thicker than that with microwave plasma nitriding, and it increased substantially with temperature. Due to the stronger sputtering effect of discharge current, the compound layer thickness of ion nitrided steels which formed was much thicker than that of microwave plasma nitrided steels. Figure 6 further indicated that formation of the compound layer, suppressed mainly by reducing the nitriding temperature or by incorporating more H 2 in the plasma, exerted a controlling effect on the nitriding process. Suppression of the compound layer could compensate up to a point for the reduction in the nitrogen concentration introduced by a higher H 2 /N 2 ratio or lower gas pressure. Thus, for the present nitrogen concentration (30%N 2 ) these results indicated that there was an optimum combination between compound layer thickness and nitrogen concentration. Figure 7 shows the influences of nitriding temperature and nitrogen concentration on the surface roughness change for both microwave plasma and ion nitriding processes. For microwave plasma nitriding, an average surface roughness below 0.04 mm was achieved in the temperature range between 400
C and 550 C in 30%N 2 -70%H 2 . The relatively smooth and even conditions of the steel surface were considered to be due to the weaker bombardment of ions for microwave plasma nitriding than for ion nitriding. As mentioned above, the acceleration of hydrogen and nitrogen ions is low in microwave plasma, so the impingement effect of nitrogen and hydrogen ions on the steel surface is expected to induce only a weak ionic bombardment. Therefore, there is less concern about damage from the microwave plasma compared to conventional ion nitriding, and the luster of steel can be kept after nitriding. At the gas composition of 50%N 2 -50%H 2 , the surface roughness of steel samples increased with nitriding temperature for both microwave plasma and ion nitriding processes.
The results of the present study showed that controlling nitriding temperature and concentration of nitrogen in the N 2 and H 2 gas mixture could suppress the formation of a compound layer on the steel surface for the microwave plasma nitriding method. Only the diffusion layer was formed at the steel surface region and a smooth surface was achieved. Hence no removal of a nitride compound layer from the nitrided surface would be needed before applying a protective coating.
Conclusions
Microwave plasma was employed for the nitriding of SCM445 steel and the characteristics of the steel obtained by Improvement of the Surface Layer of Steel Using Microwave Plasma Nitridingthis method were compared with those for steel treated by ion nitriding. A large amount of globular shaped nitride compounds was precipitated at the surface when ion nitriding was used and they caused surface roughness. However, microwave plasma nitriding successfully produced a nitrided steel without a compound layer and a diffusion layer thickness of more than 0.5 mm was achieved for a gas composition of 30%N 2 -70%H 2 at 500 C for 2 h. It was also observed that the microwave plasma was capable of producing a flat and smooth surface. The microwave plasma nitriding process was confirmed to be suitable for diffusion layer formation with no compound layer. Microwave plasma nitriding would be suitable for producing a good surface condition for subsequent deposition of a protective coating on nitrided steel.
